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In the present work, polycarbazole (PCz)/magnesium cobalt oxide (MgCo2O4)/reduced graphene oxide
(RGO) based ternary nanocomposite was prepared through in-situ polymerization, and utilized it as an
active electrodes for electrochemical energy storage supercapacitor applications. The electrochemical
behaviour of PCz and its nanocomposites were investigated by measuring specific capacitance using cyc-
lic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and Galvanostatic charge–discharge
(GCD) analysis. The PCz/MgCo2O4/RGO hybrids exhibited higher capacitance (548.54 F/g) than that of PCz
(117.65 F/g) and PCz/MgCo2O4 (482.92 F/g) at the scan rate of 50 mV/s, as determined by CV method. The
enhanced supercapacitance indicates high power and energy storage capabilities of the ternary metal
oxide-graphene based polycarbazole nanocomposites. Electrochemical impedance spectroscopy con-
firmed low solution resistance of PCz/MgCo2O4/RGO. Thermogravimetric analysis affirmed the increased
thermal stability of PCz/MgCo2O4/RGO composite compared to that of pure polycarbazole and PCz/
MgCo2O4 nanocomposite. The scanning electron micrographs of nanocomposite confirmed the successful
incorporation of nanofillers into the PCz matrix. On the basis of the research findings, PCz/MgCo2O4/RGO
can be expected to be a promising electrode active material for high performance energy storage
supercapacitors.
� 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Meeting the energy requirements of a rising population and
technological advances is an important global challenge of the cur-
rent century. Conventional sources of energy like natural gas, oil,
and coal are diminishing at a faster rate, and their usage is also
responsible for global warming. The development of wind, solar,
biofuel, and other green energy sources is one way to address
the existing energy crisis and environmental pollution disputes
[1,2]. However, the utilization of clean energy sources is con-
strained by environmental factors, and the energy supply is inter-
mittent. As science and technology develop rapidly over the years,
there is an increasing need for reliable energy storage devices that
can replace conventional batteries of low power density and
dielectric capacitors of low energy density [1,3,4]. Supercapacitors
or ultracapacitors are devices with superior capacitance, which
overcomes the shortcomings of conventional batteries and dielec-
tric capacitors by providing high energy storage density, high
power density, and a number of other advantages including rapid
charge–discharge capability, high power capacity and operation
at a wide range of temperatures [5–7].

There are three different types of supercapacitors including
pseudocapacitors, electrostatic double layer capacitors (EDLC)
and hybrid capacitors [8–11]. In EDLC devices, the energy storage
takes place at the electrolyte–electrode interface without charge
transfer taking across the electrodes, and no redox reaction is
involved. This mechanism is generally observed in carbon-based
electrode active materials such as graphene, CNTs, and activated
carbon [5,12]. Charge storage in a pseudocapacitor is the result of
charge transfer between the electrode and electrolyte, which is
achieved by a redox reaction occurring at the electrode surface
[1,13]. The composite materials are used in hybrid supercapacitors,
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which displays a combination of pseudocapacitor and EDLC mech-
anism. The composite materials are used in hybrid supercapacitors,
which combine the pseudocapacitor and EDLC mechanisms. The
composite materials are made up of carbon-based materials like
graphene combined with metal oxides, conducting polymers, or
both [14,15].

Carbon-based nanostructured materials such as CNTs, reduced
graphene oxide, graphene and activated carbon are utilized as elec-
trode active materials for EDLC owing to its good electrical proper-
ties, high specific surface area and nanoporosity [3,16,17].
Graphene and its derivatives such as graphene oxide (GO) and
RGO have a high surface area and high conductivity owing to the
presence of p-electrons. Also, RGOs have inherent functional
groups exhibiting better supercapactive behaviour resulting in a
higher power and energy density [18]. Conducting polymers such
as polycarbazole, polypyrrole, polyaniline, polythiophene, and
transition metal oxides such as TiO2, ZnO, CuO, MnO2, Fe3O4, and
Co3O4 are employed as electrode active materials for pseudocapac-
itors [4,19,20].

Carbon-based materials used in EDLC provide high power
density but low energy density, which lowers the overall perfor-
mance of the supercapacitor [3,21,22]. Polycarbazole is a cost-
effective polymer that is easy to process compared to other con-
ducting polymers and also exhibits good electrical, thermal, and
charge carrier properties in amalgamation with other carbon-
based materials. It can be used in various applications such as
light emitting diodes, biosensors, solar cells, and supercapacitors
[23–26]. Although good conductivity and high capacitance can
be obtained with the modification of conducting polymers, lim-
ited stability leads to degradation problems [27,28]. The addition
of inorganic metal oxides improves the overall stability in such
cases. Ternary metal oxides having two metal ions and the syn-
ergistic effect of elements possess higher electrical conductivity
than binary metal oxides [29]. Spinel cobaltates (XCo2O4, where
X = Ca, Mg, Ni) are gaining massive research interest owing to
its low price, non-toxic nature, higher stability and enhanced
electrochemical properties [30–32]. Despite their high specific
capacitance, low cost and easy availability, metal oxides exhibit
higher resistance and to overcome this drawback, the metal
oxides are generally mixed/blended with carbon-based materials.
A composite material comprising of metal oxide nanoparticles/
conducting polymer/carbon-based materials can be a better
combination to use as an electrode active material for electro-
chemical supercapacitor applications. These nanocomposites
exhibit good synergistic effect, and improved conductivity as
well can alter the storage properties of the electrode active
material [33,34].

There are wide varieties of electrode active materials and
electrolytes available. Hence, selecting the optimal electrode
material is important in supercapacitor operation, and the over-
all performance of supercapacitor can be fine-tuned by changing
the properties of electrode active material. To best of our
knowledge, no reports are available on ternary hybrid electrode
materials consisting of cobaltate, graphene and polycarbazole,
leaving plenty of opportunity to investigate these materials for
future practical applications. This study investigates PCz/MgCo2-
O4/RGO ternary nanocomposites as a potential active electrode
material for electrochemical supercapacitor applications. Fur-
ther, the synthesized nanocomposites were characterized using
techniques such as XRD, FTIR, Raman spectroscopy, TGA, CV,
GCD, and EIS analysis. Development of ternary metal oxide dis-
persed graphene-based polycarbazole hybrid nanocomposites
based electrode material gives a good opportunity for practical
applications of supercapacitors in hybrid electric vehicles, fly-
wheels, wind turbines, kinetic energy recovery systems (KERS),
and so on.
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2. Materials and methods

2.1. Materials

Carbazole, magnesium nitrate tetrahydrate [Mg(NO3)2�4H2O],
cobalt nitrate hexahydrate [Co(NO3)2�6H2O] (oxidants), and glycine
[C2H5NO2] (fuel), graphite flakes, sulphuric acid, tetrahydrofuran,
chloroform were purchased from SD Fine Chemicals, Mumbai,
India. Potassium permanganate, hydrogen peroxide, hydrochloric
acid, ammonium dihydrogen phosphate, and methanol were pro-
cured from Nice Chemicals, Kochi, India. Double distilled water
was used during the entire course of the experiment.

2.2. Methods

2.2.1. Synthesis of MgCo2O4 nanoparticles
The MgCo2O4 nanoparticle was synthesized by the solution

combustion method [35]. The Mg (NO3)2�4H2O, and Co(NO3)2�6H2-
O (oxidants) and glycine (C2H5NO2) were taken in stoichiometric
proportions. Oxidants and glycine were dissolved separately in
double distilled water and stirred continuously for 30 min. The
molar ratio of the oxidant to fuel used was 1:1. The individual solu-
tions were mixed to obtain a combustion mixture with continuous
stirring for 30 min. Further, the pH was adjusted in the range 8.5–9
by the addition of KOH solution. Then, the combustion mixture
was subjected to vigorous stirring for 2 h at 90 �C until a dark
gel was obtained. The gel is then heated until dry powder is
formed. Finally, the dark grey powder was calcined at 650–
800 �C for 4 h, and nanoparticles were obtained. Calcination was
carried out to remove the impurities/unwanted reagents as well
as to make the nanoparticles more stable.

2.2.2. Synthesis of RGO and MgCo2O4 decorated RGO
Graphene oxide (GO) was synthesized through the improved

Hummers method [36]. Further (500 mg) of GO obtained was
mixed with (60 mL) of distilled water and was ultra-sonicated
for 20 min. 5 g of ammonium hydroxide was dissolved in 30 mL
of distilled water, and was added to the GO solution, and sonicated
for 20 min. Then, the solution was taken into a Teflon tube and
kept in an oven at 170 �C for 12 h. Then, it was cooled to room tem-
perature, centrifuged, washed, and dried to obtain the RGO in pow-
der form. The magnesium cobalt oxide nanoparticles were
decorated on GO by the solvothermal method [37]. The obtained
MgCo2O4/GO was further reduced to MgCo2O4/RGO by hydrother-
mal method.

2.2.3. Synthesis of polycarbazole
The oxidative polymerization route was followed for the syn-

thesis of polycarbazole [38]. About (1.67 g) of carbazole was dis-
solved in (50 mL) of chloroform. About 3.8 g of pTSA (dopant)
dissolved separately in chloroform was added to above precursor
solution and continuously stirred for 30 min. About 3.6 g of Ben-
zoyl peroxide (initiator) dissolved in chloroform was added slowly
to the above solution, which was then stirred for 4 hr. The color of
the solution gradually changes to dark green, indicating the forma-
tion of PCz. The obtained dispersion was added to an excess of
methanol to complete the polymerization reaction. The synthe-
sized green precipitate was washed with ethanol and vacuum
dried at 50 �C until it reached a constant weight.

2.2.4. Synthesis of PCz/MgCo2O4 and PCz/MgCo2O4 /RGO
nanocomposites

The MgCo2O4 and MgCo2O4 decorated reduced graphene oxide
incorporated polycarbazole nanocomposites were prepared by in-
situ polymerization using benzoyl peroxide as the oxidizing agent
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[39]. Carbazole monomer (1.67 g, 0.1 M), and p-Toluene sulfonic
acid (3.8 g, 0.2 M), and (0.167 g) of MgCo2O4 nanoparticles were
dispersed in (50 mL) of chloroform, and this mixture was con-
stantly stirred for 1 h to obtain a homogenous dispersion. 50 mL
of a chloroform solution containing BPO initiator (0.24 M, 3.6 g)
was added drop by drop to the homogenous mixture. The reaction
mixture was constantly stirred at ambient temperature for 4 hr,
and the obtained dispersion was poured into an excess of methanol
to complete polymerization. The resultant green precipitate was
filtered, and washed several times with distilled water, followed
by methanol. The powder sample was dried at 50 �C until it
reached a constant weight. Similarly, MgCo2O4 decorated RGO
incorporated polycarbazole nanocomposites were also synthe-
sized. In the preparation of nanocomposites, initial trials were car-
ried out with the incorporation of 25, and 10 wt% MgCo2O4, 25 and
10 wt% of MgCo2O4 decorated RGO. The preliminary results
showed that 10 wt% is better with respect to dispersion and elec-
trical properties, so in further studies, the same concentration is
used.

2.2.5. Characterization
The structure of pristine MgCo2O4 and nanocomposites were

ascertained by X-Ray diffraction pattern obtained from Proto AXRD
table top diffractometer (Proto, Canada) in the 2h range of 10-70�
at the scan rate of 0.04� per second. FTIR spectra of pristine MgCo2-
O4 and nanocomposites were recorded in attenuated total reflec-
tance mode to analyze the physical interactions between the
components in the range of 4000 to 400 cm�1. Raman analysis of
the neat PCz and the nanocomposites were recorded (XPlora Plus,
Japan) using 532 nm laser in the order of 0 to 3000 cm�1. Electro-
chemical studies such as cyclic voltammetry, GCD, and electro-
chemical impedance spectroscopy (EIS) measurements were
conducted in 1 M H2SO4 solution at various scan rates (50–
1000 mV/s) in the potential range of �0.7 to 1.5 V using electro-
chemical analyzer (CHI608E, CH Instruments). The thermal stabil-
ity of neat polycarbazole and nanocomposites were assessed using
a thermogravimetric analyzer (Q50, TA Instruments, USA) in the
temperature range of 25–800 �C at the heating rate of 20 �C/min
under a nitrogen atmosphere. The morphology of the prepared
Fig. 1. The XRD spectra of pristine MgCo
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nanocomposites was studied using a scanning electron microscope
(JEOL, JSM-IT300, USA).
3. Results and discussion

3.1. Structural characterization

3.1.1. XRD analysis
The microstructural features of pristine MgCo2O4, neat PCz, and

synthesized nanocomposites were studied using X-Ray diffraction.
The resultant XRD profiles are shown in Fig. 1. Neat PCz shows a
semicrystalline diffraction peak at 2h value of 19.9� which origi-
nates from the ordering of N-H and O-H groups and the presence
of hydrogen bonds in PCz [38]. There are also minor peaks at 2h
value of 31.3� and 42� which corresponds to small islets of crys-
talline portion dispersed in the amorphous region of PCz.

The prominent peaks of MgCo2O4 nanoparticles were observed
at 36.95�, 42.85�, and 62.02�. The sharp and intense peaks of
MgCo2O4 nanoparticles indicate the high crystalline nature of
MgCo2O4 nanoparticles. The XRD pattern of nanocomposites indi-
cates the modified structure of PCz in the presence of MgCo2O4

and MgCo2O4/RGO. The peaks of MgCo2O4 and MgCo2O4/RGO are
also present in the nanocomposites. It is also observed that the
semicrystalline peak intensity is reduced, and a broader peak is
obtained in the nanocomposites, which could be due to
intercalation between the nanoparticles and PCz chain and may
also be due to the coating of MgCo2O4 by polycarbazole.
3.1.2. FTIR analysis
The FTIR studies give information about the effect and interac-

tions between various constituents in polymer nanocomposites.
Fig. 2 shows FTIR spectra of polycarbazole and its nanocomposites
in a range of 4000–500 cm�1 wave number. The characteristic
bands of neat PCz and its nanocomposites are detailed in Table 1.
The observed peaks at 3405, 3045, 1725, 1607, 1396, 1060, and
806 cm�1 are assigned to signature bands of polycarbazole. The
observed strong bands from 3100 cm�1 to 3410 cm�1 correspond
to the vibrational stretching of N-H group [40]. The aromatic
2O4, neat PCz and nanocomposites.



Fig. 2. The FTIR spectra of MgCo2O4, PCz, PCz/MgCo2O4, PCz/MgCo2O4/RGO.

Table 1
The FTIR peak analysis of neat PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO.

Characteristic peak Peak position (cm�1)

PCz PCz/MgCo2O4 PCz/MgCo2O4/RGO

N-H Stretching 3401 3413 3409
Aromatic CAH Stretching 3054 3046 3046
C@O Stretching 1700

1604
1689
1596

1689
1593

Aromatic CAN Stretching 1450 1446 1446
S@O group 1096 1104 1100
CAH Deformation 810 806 806
OACoAO vibrations – 555

682
563
674
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CAH stretching occurs at 3045 cm�1 while the C@O stretching due
to over oxidation was observed at 1725 cm�1, and aromatic
stretching of C@C double bond occurs at 1607 cm�1. The oxidative
polymerization of monomers into a continuous chain and the aro-
matic ring structure occurs at 1450 cm�1 and CAN stretching
occurs at 1396 cm�1 [41]. The doping of polycarbazole is evident
from 1060 cm�1 peak, which corresponds to S@O vibrations of
pTSA (doping agent) [38]. From the spectra, it can be observed that
the structure of PCz is affected by the addition of MgCo2O4

nanoparticle and MgCo2O4 decorated RGO. For pristine MgCo2O4

nanoparticles, the peak at 1600 cm�1 and 3401 cm�1 corresponds
to the adsorption of water, and the peaks at 668 cm�1 and
555 cm�1 correspond to O-Co-O vibrations [42]. For the PCz/
MgCo2O4 nanocomposites, the peak corresponding to N-H stretch-
ing was shifted to a higher wave number of 3413 cm�1. The peaks
at 806 cm�1 are attributed to the CAH deformation in tri-
substituted benzene rings. For PCz/MgCo2O4/RGO nanocomposites,
a broad peak was observed between 3100 and 3400 cm�1 due to
the adsorbed water on the graphene oxide surface, and the peak
at 3409 cm�1 corresponds to N-H stretching. For RGO, the spec-
trum corresponding to C@C bond was observed at 1546 cm�1.
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The peak at 1446 cm�1 corresponds to the CAN stretching of aro-
matic CAN bonds [40,41].

All the nanocomposites exhibit two peaks at around 558 and
682 cm�1 which confirms the presence of the metal oxide nanopar-
ticles. The FTIR spectra of neat PCz and nanocomposites show a
shift in peak position as well as a change in intensity. This reveals
that PCz/MgCo2O4 and PCz/MgCo2O4/RGO are not a simple mixture
of PCz matrix, MgCo2O4 nanofiller, and MgCo2O4 decorated RGO
but a composite of PCz matrix with dispersed nanofillers.
3.1.3. Raman spectroscopic analysis
The interaction between polymer chains and MgCo2O4 nanopar-

ticles as well as with MgCo2O4 decorated RGO were studied using
Raman spectroscopy. The Raman spectra of PCz, PCz/MgCo2O4, and
PCz/MgCo2O4/RGO are shown in Fig. 3. The detailed peak analysis
of the neat polycarbazole as well as the nanocomposites are shown
in Table 2.

The Raman spectra of nanocomposites exhibited two typical
peaks corresponding to D and G bands which appeared at
1336 cm�1 and 1554 cm�1. The D band corresponds to stretching
vibrations of CAC or defects in the hexagonal lattice, whereas G
band corresponds to in plane vibrations of sp2 bonded carbon atom
[43]. The peaks at 570, 671 and 845 cm�1 correspond to metal–
oxygen bond of MgCo2O4 nanoparticles. For polycarbazole, the
peak observed at 1336, and 1563 cm�1 are attributed to the ring
stretching and C@C backbone. The peak at 2776 cm�1 corresponds
to 2D band, 935 cm�1 to the bipolaron ring deformation, and
1060 cm�1 corresponds to CAH in-plane vibrations. After the
incorporation of MgCo2O4 into RGO, there is a shift in the D and
G bands, which appeared at 1355 and 1569 cm�1 in the nanocom-
posites. The Raman spectra of nanocomposites show a band of
polycarbazole and hence confirmed the presence of PCz in
nanocomposites. The ID/IG ratio, which provides information about
the extent of disordered carbon for the neat PCz was 0.89, whereas
that obtained for PCz/MgCo2O4 and PCz/MgCo2O4/RGO was 0.94
and 0.98, respectively [44]. It was also observed that the intensity



Fig. 3. Raman spectra of PCz, PCz/MgCo2O4, PCz/MgCo2O4/RGO.

Table 2
Raman spectra analysis of neat PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO.

Characteristic band and ID/IG
ratio

Raman Shift (cm�1)

PCz PCz/
MgCo2O4

PCz/MgCo2O4/
RGO

D-Band 1336 1359 1355
G-Band 1563 1569 1569
ID/IG Ratio 0.89 0.94 0.98
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of D band is enhanced for nanocomposites which indicates better
interaction between MgCo2O4 nanoparticles, RGO, and polycar-
bazole. The bands in the range 640–560 cm�1 show an increase
in intensity and shift to a lower wave number, which indicates that
MgCo2O4 and MgCo2O4/RGO addition has an impact on PCz matrix.

3.2. SEM analysis

The morphology of synthesized samples was investigated using
a scanning electron microscope (SEM). The SEM micrographs
of PCz, PCz/MgCo2O4 and PCz/MgCo2O4/RGO were shown in
Fig. 4(a-c). The SEM images of nanocomposite indicated the suc-
cessful distribution of nanofillers into the PCz matrix. The incorpo-
ration of MgCo2O4 and MgCo2O4/RGO nanofillers into PCz matrix is
expected to improve the capacitive behaviour of synthesized
nanocomposite. From Fig. 4(a), it can be observed that a flocculent
or nodular morphology was displayed in the case of neat PCz.

Upon incorporation of MgCo2O4 nanofillers into the polycar-
bazole matrix, it was observed that the MgCo2O4 nanoparticles
Fig. 4. SEM micrographs of (a) neat PCz, (b) PCz/MgCo2O4, and (c) PCz/MgCo2O4/
RGO.
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were adsorbed on the surface of polycarbazole. From Fig. 4(c), it
can be observed that the RGO has crumbled sheet-like morphology
and upon which MgCo2O4 nanofillers were deposited. The
enhanced surface area of RGO facilitates the even distribution of
MgCo2O4 NPs. The morphological effect is also reflected in the
capacitance value of the nanocomposites, wherein the maximum
capacitance is obtained for PCz/MgCo2O4/RGO.

3.3. TGA analysis

Thermogravimetric analysis was carried out to probe the ther-
mal stability of neat PCz and its nanocomposites. TGA thermogram
of neat PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO has been shown
in Fig. 5. From the thermogram, it is evident that there is an initial
minor weight loss in the temperature range of 27–100 �C due to
loss of moisture and absorbed water [45]. The second stage of
weight loss occurred in the range of 100–230 �C, which indorses
to the degradation of low molecular weight PCz chains. In the third
stage, a massive mass loss was observed, which is due to the break-
down of longer PCz chain [46].

After the incorporation of MgCo2O4 and MgCo2O4 decorated
RGO into the PCz matrix, the thermal property of PCz was
enhanced. The estimated total mass loss at 900 �C in the neat poly-
carbazole, PCz/MgCo2O4, and PCz/MgCo2O4/RGO nanocomposites
were 76.8%, 64.3%, and 38.8%, respectively.

3.4. Electrochemical tests

An electrochemical analyzer with a standard 3-electrode sys-
tem was used to test the electrochemical properties of the polymer
and nanocomposites. The caramel mercury electrode, glassy car-
bon electrode, and platinum wire were utilized as the reference
electrode, working electrode, and counter electrode, respectively.
For the preparation of the working electrode, a known amount of
electrode active material (5 mg) was dispersed in 1 mL of ethanol,
and further, the mixture was cast on a glassy carbon electrode,
then it was dried at room temperature for 2 hr. The samples were
analyzed by cyclic voltammetry (CV), galvanostatic charge–dis-
charge (GCD), and electrochemical impedance spectroscopy.



Fig. 5. TGA thermogram of PCz, PCz/MgCo2O4 and PCz/MgCo2O4/RGO.
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3.4.1. CV analysis
The CV measurement was carried out using a standard 3-

electrode system at different scan rates of 50, 100, 200, 500, and
1000 mV/s in the potential range of �0.7 to 1.5 V. The specific
capacitance (Csp) was calculated from equation (1).

Csp ¼
Z

IdV
� �

= m m DVð Þ ð1Þ

where, (
R
I dV) is the integral area of CV curve, ‘m’ is the total mass

of electrode active material (g), ‘m’ is the scan rate (mV/s) and ‘DV’ is
the range of potential window. The CV plots of neat PCz, PCz/
MgCo2O4, and PCz/MgCo2O4/RGO at 100 mV/s are shown in Fig. 6
(a). PCz/MgCo2O4/RGO exhibits a rectangular profile, which indi-
cates ideal capacitive behavior and low contact resistance. RGO
and MgCo2O4 nanoparticles are responsible for both EDLC and pseu-
docapacitive behavior. The redox peak is also clearly visible [43].
The specific capacitance (Csp) at a scan rate of 100 mV/s for neat
PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO were 94.54, 389.82,
and 455.23F/g, respectively. A higher capacitance was shown by
PCz/MgCo2O4/RGO, which can be attributed to faradaic charge
transfer due to the pseudo-capacitive behaviour of MgCo2O4. The
addition of RGO increased the specific capacitance, which is
ascribed to the electrochemical double layer capacitance.

It can be seen from Fig. 6(b) that the capacitance decreases with
an increase in the scan rate due to faster diffusion of the ions at the
electrodes. The ions H+, HSO-

4, and SO4
2- present in the electrolyte do

not get sufficient time to accumulate on the electrode surface, result-
ing in lower Csp values at higher scan rates [47]. The synergistic
effect of MgCo2O4 and RGO with polycarbazole resulted in a higher
electrochemical capacitive performance of the nanocomposites.
The energy density (E) and power density (P) of pure polycarbazole
and nanocomposites can be calculated from the CV data using equa-
tions (2) and (3), respectively.

E ¼ 0:5 Csp DV2 ð2Þ
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P ¼ E � 3600=Dt ð3Þ
where ‘Csp’ is the specific capacitance, ‘DV’ is the potential window
and ‘Dt’ is the discharge time. From the Ragone plot, Fig. 6(c), it can
be observed that PCz/MgCo2O4/RGO exhibits a higher power den-
sity of 102.39 W/kg and an energy density of 0.347 Wh/kg. The
maximum power density of PCz and PCz/MgCo2O4 is 20.01 and
100.1 W/kg, respectively. The maximum energy density for PCz
and PCz/MgCo2O4 are 0.7206 and 0.324 Wh/kg, respectively.

3.4.2. GCD analysis
The Galvanostatic charge–discharge analysis has been carried

out for neat PCz and its nanocomposites from 0.1 to 10 mA, and
the capacitance is calculated using the equation (4).

C ¼ I Dtð Þ= Dv mð Þ ð4Þ
where ‘I’ is the applied current, ‘Dt’ is the discharge time from the
highest value of potential to the lowest potential, ‘Dv’ is the poten-
tial window, and ‘m’ is the total mass of sample. The capacitance of
PCz was enhanced upon addition of MgCo2O4 decorated RGO, which
can be attributed to the conductive nature of RGO and MgCo2O4,

which resulted in better ion diffusion into the electrode active
material as well as the synergistic effect among three components
of PCz/MgCo2O4/RGO composite. All GCD curves are of similar
shape, as shown in Fig. 7, which indicates that electrode material
has an ideal capacitive behaviour. The shape obtained is deviated
from perfectly triangular, which is attributed to faradaic and non-
faradaic charge behaviour of PCz and MgCo2O4. Among the synthe-
sized electrode material, the discharge time of PCz/MgCo2O4/RGO is
maximum, indicating its best electrochemical performance. The
specific capacitance at 1 mA for PCz, PCz/MgCo2O4, and PCz/MgCo2-
O4/RGO are 92.72, 445.66, and 516.53 F/g, respectively. With an
increase in the applied current, there was a gradual decrease in
capacitance, consistent with the inverse relationship between cur-
rent and capacitance.



Fig. 6. (a) The CV curves at 100 mV/s for neat PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO, (b) Variation of specific capacitance with the scan rate, (c) Ragone Plot for neat PCz,
PCz/MgCo2O4, and PCz/MgCo2O4/RGO.

Fig. 7. Potential Vs time plot of GCD analysis at 1 mA.

A. Babu, T.E. Somesh, C.D Ani Dechamma et al. Materials Science for Energy Technologies 6 (2023) 399–408
3.4.3. EIS analysis
Electrochemical impedance spectroscopy provides information

on electrode surface impedance changes and charge transfer phe-
nomena that occur at the electrode–electrolyte interface. The anal-
ysis was carried out in 1 M H2SO4 using a standard 3-electrode
system in the frequency range of 0.1 to 105 Hz. The Nyquist plot,
405
a relation between imaginary impedance (Z”) and real impedance
(Zʹ) of neat PCz and nanocomposites are shown in Fig. 8. From
the Nyquist plot, it can be observed that there is a straight line with
an angle of 45� in the lower frequency region, which stipulates the
good capacitive nature of the polymer as well as the nanocompos-
ites and semi-circular regions at a higher frequency, which



Fig. 8. The Nyquist plot of neat PCz, PCz/MgCo2O4, and PCz/MgCo2O4/RGO.

Fig. 9. The Bode magnitude and phase plot of (a) PCz, (b) PCz/MgCo2O4, and (c) PCz/MgCo2O4/RGO.
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attributes to low charge transfer resistance [48]. It can be seen that
PCz/MgCo2O4/RGO had a low solution resistance of 5.96 X, while
PCz/MgCo2O4 and PCz had a higher solution resistance of 6.44
and 13.94 X, respectively.
406
The solution resistance was deducted from the x-axis intercept
of Nyquist plot in the region of lower frequency. A lower solution
resistance for PCz/MgCo2O4/RGO was achieved with the introduc-
tion of RGO, a graphene derivative that imparts more active sites
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to electrolyte ions on the electrode and electrolyte surface [49].
The presence of RGO also helps to stabilize the metal oxides [50].
It can be inferred that PCz/MgCo2O4/RGO is a more suitable elec-
trode active material compared to the other materials under study.

Additional information about the performance of electrode
active materials can be derived from Bode magnitude and phase
plots. The Bode plots of neat polycarbazole, PCz/MgCo2O4, and
PCz/MgCo2O4/RGO are depicted in Fig. 9(a), (b) and (c), respec-
tively. According to the Bode phase and magnitude plots, the phase
angles of all the electrodes are in the order of �45�, indicating the
pure capacitive nature of electrodes. Also, from the plot, it is
observed that amplitude set against frequency exhibits three
different slopes at different regions. The electrode material pos-
sessing the least slope in the high-frequency region can be consid-
ered as a material with better electrochemical properties [51–55].
The PCz/MgCo2O4/RGO exhibit the least slope (-0.12) compared to
PCz (-0.05) and PCz/MgCo2O4 (-0.10) which specifies better
electrochemical properties of PCz/MgCo2O4/RGO.

4. Conclusions

PCz, PCz/MgCo2O4 and PCz/MgCo2O4/RGO were synthesized as
electrode active materials for electrochemical energy storage
supercapacitor applications. The XRD and FTIR analysis confirms
the successful incorporation of MgCo2O4 and MgCo2O4 decorated
RGO into the PCz matrix. XRD pattern shows an increase in the
crystallinity of the nanocomposites compared to pure polycar-
bazole. The FTIR analysis confirms the functional bonds, which
are unaffected by the incorporation of fillers into the PCz matrix.
TGA analysis confirms that the thermal stability of PCz/MgCo2O4/
RGO ternary composite is higher than that of neat polycarbazole
and PCz/MgCo2O4 nanocomposite. It could also be observed that
PCz/MgCo2O4/RGO nanocomposites exhibited higher capacitance
compared to pristine polycarbazole and PCz/MgCo2O4 at the scan
rate of 50 mV/s. Electrochemical impedance spectroscopy confirms
low solution resistance of PCz/MgCo2O4/RGO. These findings indi-
cate that PCz/MgCo2O4/RGO ternary hybrids are potentially useful
electrode active materials for electrochemical energy storage
systems.
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